We recently reported fibroblast growth factor receptor-type 1 (FGFR1) amplification to be associated with therapeutically tractable FGFR1 dependency in squamous cell lung cancer. This makes FGFR1 a novel target for directed therapy in these tumors. To reproducibly identify patients for clinical studies, we developed a standardized reading and evaluation strategy for FGFR1 fluorescence in-situ hybridization (FISH) and propose evaluation criteria, describe different patterns of low-and high-level amplifications and report on the prevalence of FGFR1 amplifications in pulmonary carcinomas. A total of 420 lung cancer patients including 307 squamous carcinomas, 100 adenocarcinomas of the lung and 13 carcinomas of other types were analyzed for FGFR1 amplification using a dual color FISH. We found heterogeneous and different patterns of gene copy numbers. FGFR1 amplifications were observed in 20% of pulmonary squamous carcinomas but not in adenocarcinomas. High-level amplification (as defined by an FGFR1/centromer 8 (CEN8) ratio Z2.0, or average number of FGFR1 signals per tumor cell nucleus Z6, or the percentage of tumor cells containing Z15 FGFR1 signals or large clusters Z10%) was detected at a frequency of 16% and low-level amplification (as defined by Z5 FGFR1
We recently reported fibroblast growth factor receptor-type 1 (FGFR1) amplification to be associated with therapeutically tractable FGFR1 dependency in squamous cell lung cancer. This makes FGFR1 a novel target for directed therapy in these tumors. To reproducibly identify patients for clinical studies, we developed a standardized reading and evaluation strategy for FGFR1 fluorescence in-situ hybridization (FISH) and propose evaluation criteria, describe different patterns of low-and high-level amplifications and report on the prevalence of FGFR1 amplifications in pulmonary carcinomas. A total of 420 lung cancer patients including 307 squamous carcinomas, 100 adenocarcinomas of the lung and 13 carcinomas of other types were analyzed for FGFR1 amplification using a dual color FISH. We found heterogeneous and different patterns of gene copy numbers. FGFR1 amplifications were observed in 20% of pulmonary squamous carcinomas but not in adenocarcinomas. High-level amplification (as defined by an FGFR1/centromer 8 (CEN8) ratio Z2.0, or average number of FGFR1 signals per tumor cell nucleus Z6, or the percentage of tumor cells containing Z15 FGFR1 signals or large clusters Z10%) was detected at a frequency of 16% and low-level amplification (as defined by Z5 FGFR1 signals in Z50% of tumor cells) at a frequency of 4%. We conclude that FGFR1 amplification is one of the most frequent therapeutically tractable genetic lesions in pulmonary carcinomas. Standardized reporting of FGFR1 amplification in squamous carcinomas of the lung will become increasingly important to correlate therapeutic responses with FGFR1 inhibitors in clinical studies. Thus, our reading and evaluation strategy might serve as a basis for identifying patients for ongoing and upcoming clinical trials. [2] [3] [4] squamous cell carcinomas currently lack therapeutically exploitable genetic alterations. These tumors are common and are almost invariably linked to smoking. 5 Therefore, the incidence of pulmonary squamous cell carcinomas is expected to increase even further, particularly in females.
We recently described focal Fibroblast Growth Factor Receptor 1 (FGFR1) amplification in squamous cell lung cancer to be associated with tumor growth and survival and vulnerability to small molecule FGFR-tyrosine kinase inhibitors, suggesting that FGFR inhibitors may be a promising therapeutic option for a selected cohort of patients with squamous carcinomas.
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FGFR1 belongs to the type 4 family of receptor tyrosine kinases (FGFR1-4). The ligands, mammalian fibroblast growth factors (FGFs) comprise 22 family members. They mediate numerous developmental programs during embryogenesis as well as critical roles in adult tissue repair and maintenance (reviewed in Eswarakumar et al, 7 Grose and Dickson, 8 and Mohammadi et al 9 ). FGFs initiate signal transduction by binding FGFR1-4, usually in the context of heparan sulfate proteoglycans, inducing receptor dimerization and downstream signaling.
A general role for FGFs and FGFRs is also emerging in multiple cancers. The conclusion from many studies is that FGFs and FGFRs promote oncogenesis through gene amplifications, somatic mutations, and increased expression of FGFs and/or FGFRs in different human cancer types. 7, 8 FGFRs 1, 2, and 4 are frequently overexpressed in breast cancer and a selective inhibitor of FGFR activity caused G1 growth arrest in breast cancer cell lines. 10 FGFRs were also shown to physically associate with N-cadherin in various cancer cells, resulting in cell survival and motility. 11, 12 Amplification of the FGFR1 locus at chromosome 8p was described previously, 13, 14 and very recent evidence from our group and others proved the oncogene dependency for a focal FGFR1 amplification in a large subset of pulmonary carcinomas. 6, 15 These data clearly indicate that a simple and reliable test to identify lung carcinoma patients with FGFR1 amplifications and standardized fluorescent in-situ hybridization (FISH) analysis criteria are needed. Particularly, since several FGFR inhibitors are under evaluation in early clinical trials. [16] [17] [18] We therefore determined the epidemiology of FGFR1 amplification in 307 unselected patients with the first diagnosis of squamous cell carcinomas and further 113 patients with adenocarcinomas and other types of lung cancer. We describe evaluation criteria for a standardized FGFR1 FISH analysis on formalin-fixed paraffin-embedded tissue slides that discriminated between low-and high-level FGFR1 amplifications.
Materials and methods
All patients were part of the Lung Cancer Group Cologne (http://www.cio-koeln-bonn.de) cohort and analyzed as part of our routine molecular diagnostics program according to the local ethical guidelines and reviewed by the institutional ethics committee. For squamous cell carcinomas, all consecutive patients with sufficient tumor material from January 2010 until June 2011 were analyzed, and cases with other histological subtypes were selected at random from the same period in time. Three-hundred sixty-seven primary pulmonary carcinomas were included: 307 squamous cell carcinomas, 47 adenocarcinomas, and 13 carcinomas of other differentiation types (i.e., 6 undifferentiated large cell carcinomas, 4 adenosquamous carcinomas, 2 large cell neuroendocrine carcinomas, 1 combined small cell and squamous carcinoma). Adenosquamous carcinomas and the combined small cell and squamous carcinoma were included to answer the question whether tumors with only partial squamous differentiation may also be amplified for FGFR1. Since emerging data from expression profiles provide evidence that some pulmonary large cell carcinomas might represent a dedifferentiation end point of squamous carcinomas, we further investigated a small number of these tumors. An additional cohort of 53 primary adenocarcinomas of the lung, which were sent to the Lung Cancer Group Cologne for molecular testing from October 2011 until February 2012, was examined in a confirmatory study. Thus, a total of 420 cases were included (307 squamous cell carcinomas, 100 adenocarcinomas, and 13 carcinomas of other differentiation types). For FISH, tumor tissue from biopsies or surgical resection specimens were fixed in buffered formalin and embedded in paraffin blocks. Three to four mm tissue sections were mounted on sialinized slides and hybridized overnight with the ZytoLight SPEC FGFR1/CEN 8 Dual Color Probe (ZytoVision, Bremerhaven, Germany). Briefly, deparaffinization, protease treatment, and washes were performed on the half-automated VP2000 processor system (Abbott Molecular, Wiesbaden, Germany). After pretreatment, the slides were denatured in the presence of 10 ml probe for 5 min at 751C and hybridized at 371C overnight. Post-hybridization SSC washes were performed at 721C and the slides stained with DAPI before analysis. Normal tissue including vessels, fibroblasts, or non-tumor lung tissue served as internal positive control. Cases were only further evaluated if control tissue nuclei displayed one or two clearly distinct signals of each color. Tumor tissue was scanned for amplification hot spots by using Â 40 or Â 63 objectives (DM5500 fluorescent microscope; Leica). If the FGFR1 signals were homogeneously distributed, then random areas were used for counting the signals. Twenty contiguous tumor cell nuclei from three hot spots or random areas, resulting in a total of 60 nuclei, were individually evaluated with the Â 100 or Â 63 objectives by counting green FGFR1 and orange centromer 8 (CEN8) signals. The FGFR1/CEN8 ratio, the number of cells with Z5 and Z15 FGFR1 signals and the average FGFR1 copy number per cell were calculated.
For statistical analysis, the SPSS 17.0 software was used. Fisher's exact and t-tests were performed, if appropriate. All tests were two-tailed, with a 95% confidence interval.
Results

Definition of FGFR1 Amplification Types Determined by FISH (FGFR1 FISH Score)
Having evaluated the first 50 tumors of our series, we became aware of different signal distribution patterns (Figure 1 ). FGFR1 signals were heterogeneously distributed in most tumors, and small clusters of amplified cells often occurred. We observed high-level cluster amplifications with Z15 FGFR1 signals in a small subset of tumors whereas small clusters ('microclusters') with 5 FGFR1 signals on average were found more frequently. Colocalized clusters consisting of both numerically enhanced 20 ) . Therefore, we developed the following reading and evaluation strategy that was derived from our observations in lung cancer and FGFR1 data published previously from studies with other tumor entities: 18, 21, 22 (1) Assessment of hybridization quality: evaluate only samples and areas with sharp borders of nuclei, no signs of overdigestion, non-overlapping nuclei, bright and specific green and orange signals in internal control tissue and in the tumor area. 
Frequency of FGFR1 Amplification in Squamous Cell Carcinomas and Adenocarcinomas of the Lung
In all, 347 out of 367 tumors (95%) were evaluable, that is, 290 squamous cell carcinomas, FGFR1 screening in pulmonary squamous carcinomas H-U Schildhaus et al 44 adenocarcinomas, and 13 carcinomas of other differentiation types. In all, 58 of 290 squamous cell carcinomas (20%) were FGFR1 amplified according to our FISH scoring definition, whereas 0/44 adenocarcinomas and 2/13 tumors of other differentiation were amplified. The latter two positive cases were one tumor with adenosquamous differentiation and one undifferentiated large cell carcinoma, in which a high-level amplification was found. In a confirmatory study, 53 adenocarcinomas were additionally examined; all of them were FISH negative. Thus, a total of 97 pulmonary adenocarcinomas did not show an amplification of FGFR1. Among the 60 positive tumors, 13 cases revealed low-level amplification as defined by category (4) of our scoring system (Table 1 ). Thus, low-level amplifications represent 22% of all FISH-positive cases. Among the squamous cell carcinomas, the average FGFR1 copy number per nucleus ( Figure 2 ) ranged from 1.1 to 16.5 (mean: 3.6). The mean FGFR1/CEN8 ratio was 1.4 (range: 0.4-8.8), the mean percentages of tumor cells with Z5 and Z15 FGFR1 copies were 22 and 3%, respectively (Figure 2 ). FGFR1/CEN8 ratio (t-test, P ¼ 0.01), average FGFR1 copy number per nucleus (t-test, Po0.001), and percentage of tumor cells with Z5 FGFR1 copies (t-test, Po0.001) were significantly higher in squamous cell carcinomas compared with all other tumor types. The percentage of tumor cells with Z15 FGFR1 copies was significantly higher in squamous cell carcinomas compared with adenocarcinomas (Po0.001). Among evaluable squamous cell carcinomas, a high-level amplification was detected at a frequency of 16% (n ¼ 45) and low-level amplification at a frequency of 4% (n ¼ 13).
Importantly, the FGFR1 amplification status is not exclusively based on an FGFR1/CEN8 ratio of Z2, as some tumors fulfill only criteria (2) and/or (3) for (Table 1) . This phenomenon results from focal high-level amplifications or colocalized clusters. However, in the majority of cases in which a high-level amplification was determined at least two criteria were fulfilled. Ratio Z2.0 and average number of FGFR1 signals per tumor cell nucleus Z6 turned out to be the most consistent criteria for FGFR1 amplification. All FISH-positive cases, lowand high-grade amplifications, had at least 50% of tumor cell nuclei containing five or more FGFR1 signals, thus, fulfilling criterion (4).
Preliminary survival data indicate that there is no significant difference between outcome of FGFR1 amplified and non-amplified lung cancer patients. However, further results of follow-up need to be awaited.
Discussion
We and others recently described therapeutically targetable FGFR1 amplifications in smoking-associated human squamous lung cancers. 6, 15 This is a clinically important finding since worldwide this cohort of patients is steadily increasing in size and current therapies are very limited. Squamous cell lung carcinomas account for B25% of new lung carcinoma cases and 40 000 deaths per year in the United States.
To translate this finding into the clinic patients eligible for treatment with FGFR inhibitors in clinical trials must be identified reliably. Furthermore, their putative response data need to be carefully related to the specific pattern of FGFR1 amplification. In addition, molecular testing needs to be fast and reliable on frequently very small biopsies. Therefore, we evaluated 290 squamous cell carcinomas by a dual color FISH assay and found that 20% of cases showed high-or low-level amplifications. The percentage is very close to data observed in two cohorts analyzed by SNP 6.0 by us (n ¼ 155, frequency 10%) and FISH (n ¼ 153, frequency 22%) 6 and others (n ¼ 57, frequency 21%). 15 We identified patterns of FGFR1 gene copy numbers that appear different from other genes. Importantly, the distribution of FGFR1 copies is heterogeneous in most tumors, and small clusters ('microclusters') as well as high-level amplification in only few isolated tumor cells and co-amplifications of FGFR1 and CEN8 signals are common features. Our reading and evaluation strategy is able to address the issue of intratumoral heterogeneity and other special features of FGFR1 in pulmonary carcinomas. Thus, our scoring system might serve as a standardized screening tool to identify patients for ongoing and upcoming clinical trials with FGFR1 inhibitors. Several compounds have already entered early clinical trials giving precise FGFR1 diagnostics high clinical impact. In the setting of these clinical trials, we believe that our FISH score might be helpful for identifying patients with significant increase in FGFR1 gene copy numbers. However, it still needs to be clarified by future response data derived from these studies whether our criteria are equally good or even better predictor of response than traditional amplification criteria. Thus, our work represents a proposal for standardized screening for clinical trials, which potentially needs to be modified against the background of future clinical response data. However, it appears likely that FGFR1 FISH assay is going to represent a companion diagnostic and there is a need for definition of interpretation criteria that could be implemented in the clinical practice.
Having carefully assessed a large cohort of pulmonary carcinoma cases by applying our reading and evaluation strategy, we were able to divide positive cases into two types of amplification patterns. Low amplification levels (as defined by Z5 FGFR1 signals in Z50% of tumor cells) occurred at a frequency of 4% in squamous cell carcinomas and account for 22% of all FISH-positive cases. In all, 16% of squamous cell carcinomas (78% of FISHpositive tumors) show high-level amplification (as defined by an FGFR1/CEN8 Z2.0, or average number of FGFR1 signals per tumor cell nucleus Z6, or the percentage of tumor cells containing Z15 FGFR1 signals or large clusters Z10%).
Our previous data suggest that cancer cell lines with high focal amplifications respond better to treatment with FGFR inhibitors, 6 which was also confirmed in an independent study. 15 Therefore, it may be expected that tumors with high-level FGFR1 amplification will respond better to FGFR inhibitors. Very early and preliminary data from a phase I study with a selective pan FGFR inhibitor indicate a partial response in one patient whose pulmonary squamous cell carcinoma has been tested positive by applying the FGFR1 FISH score. 23 However, further results from ongoing early clinical trials need to be awaited. In any case, it will be important to record amplification levels obtained by FISH in a reproducible manner as proposed by our score to correlate these clinical response data with amplification patterns. We found very rare FGFR1 amplifications in non-squamous lung cancer: only one single case each of undifferentiated large cell carcinoma and Each line represents one FGFR1-positive tumor by displaying the individual FISH parameters. Gray boxes represent parameters fulfilling the criterion for positivity. In all, 58 of 290 SCC cases (20.0%) were FGFR1 amplified according to our FISH scoring definition, whereas 0/44 adenocarcinomas and 2/13 tumors of other differentiation were amplified. Among the 60 positive tumors, 13 cases revealed low-level amplification as defined by a percentage of tumor cells containing Z5 FGFR1 signals Z50%. Ratio Z2.0 and average number of FGFR1 signals per tumor cell nucleus Z6 turned out to be the most consistent criteria for FGFR1 high-level amplification. However, positive cases with a high average FGFR1 gene copy number per tumor cell (up to 11.25) were seen which had an FGFR1/CEN8 ratio of o2.
adenosquamous carcinoma, but not in adenocarcinomas of the lung. These data indicate that squamous cell carcinomas, adenosquamous, and undifferentiated large cell carcinomas should be included in FGFR1 amplification screening of lung cancer, but cases of pure adenocarcinoma may be omitted.
